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Aero-elastio  effeots  cm  the  stability  and  control 
of  aircraft  designed  to  operate  at  Mach  numbers 
up  to  2.5 
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A.  S.  Taylor,  M.Sc. 
and 

K.  W.  James,  Ph.D. 


SUMMARY 


Aero-elastic  effects  on  longitudinal  stability  and  control  and 
on  lateral  control  are  discussed.  An  assessment  is  made  of  the  types  of 
deformation  and  associated  aero-elastic  phenomena  that  are  likely  to  be 
of  mo3t  importance.  The  results  cf  calculations  of  the  effects  of  fuse¬ 
lage  bending  on  longitudinal  stability  and  control  are  given  for  some 
typical  designs  and  attention  drawn  to  the  need  to  review  the  present 
AP.970  fuselage  stiffness  requirements.  In  dealing  with  the  choice  of 
lateral  control,  consideration  is  given  to  devices  for  reducing 
distortion  effects  and  control  hinge  moments  and  to  the  associated 
problem  of  powered  controls. 
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1  Introduction 

Apart  from  the  problem  of  flutter  whioh  will  not  be  discussed  in 
this  paper,  the  aero-elastio  phenomena  whioh  have  reoeived  most  attention 
from  designers  are  j- 

(a)  wing  divergence 

(b)  aileron  reversal  and  the  associated  problem  of  rolling  effectiveness 
throughout  the  speed  range 

(c)  the  variations  in  longitudinal  stability  and  control  due  to  the 
effects  of  structural  deformation. 

Reference  1  gives  a  brief  review  of  the  development  of  the  subject 
up  to  the  advent  of  swept  wings  ami  the  achievement  of  high  subsonic 
speeds.  Present  day  designs,  for  supersonio  aircraft,  differ  radically 
in  geometric  layout  from  the  earlier  aircraft  and  it  is  therefore  desir¬ 
able  to  consider  what  types  of  distortion  are  likely  to  be  important  far 
these  new  designs,  to  assess  the  adequacy  of  existing  methods  of  estima¬ 
tion  and,  if  necessary,  to  devise  new  methods. 

2  Aircraft  configurations  and  flight  plana 

The  designers  of  large  (bomber  or  long-range  reconnaissance) 
aircraft  appear  to  agree  that  the  wings  should  have  low  aspect  ratios  of 
the  order  1. 5-2.0,  but  there  are  differences  of  opinion  as  to  whether  the 
planf arm  should  be  triangular,  or  substantially  unswept  and  moderately 
tapered,  or  something  in  between.  Similarly,  fighter  designers  agree, 
for  the  most  part,  on  a  wing  of  aspect  ratio  of  about  2. 5-3.0,  but  once 
again  there  is  a  diversity  of  views  regarding  planf  ora. 

A  very  long  fuselage  (2-3  times  the  wing  span)  of  fineness  ratio 
about  20,  is  usual  in  projected  long  range  aircraft  and  many  designers 
locate  the  horizontal  aontrol  surface  ahead  of  the  wing  in  a  canard 
arrangement. 

Fighter  fuselage  lengths  are  likely  to  be  from  1.5  to  2  times  the 
wing  span  with  a  fineness  ratio  of  12-15;  tail  aft,  canard  and  tailless 
(delta)  designs  all  appear  to  be  under  consideration. 

In  general,  tailplanes  and  f preplans a  may  be  expected  to  have  aspect 
ratios  of  the  asms  order  ae  those  of  the  respective  wings. 

In  &  long  range  M  s  2.5  aircraft  with  unswept  wing,  the  engines  will 
probably  be  concentrated  in  nacelles  at  the  wing-tips,  while  in  a  delta 
design  they  may  be  (partially)  buried  in  the  wings  over  the  inboard 
parts  of  the  span.  In  the  fighters,  the  engines  are  likely  to  be  located 
in  the  fuselage  although  some  designers  might  favour  (inboard)  wing 
engines. 

The  magnitude  of  a  particular  aero-elastio  effect  in  a  given  flight 
condition  depends  on  the  combination  of  equivalent  air  speed  and  Mach 
number.  If  the  maximum  permissible  B.A.S.  can  be  attained  at  the  Maoh 
number  for  which  the  relevant  (rigid)  aerodynamic  derivatives  attain  their 
peak  values,  this  oonbination  will  probably  produce  the  b  effect 

although  it  will  not  neoesearily  be  critical  for  the  behaviour  of  the 
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(deformable)  aircraft  itself,  since  the  behaviour  of  the  car responding 
rigid  aircraft  is  a  function  of  Mach  number*.  If  the  maximum  permissible 
E.A.S,  at  ground  level  corresponds  to  M  >  1,  however,  the  maximum  aero- 
elastic  effect  may  occur  at  a  lower  2.A.S.  corresponding  to  a  transonic 
Mach  number  at,  or  near,  the  value  for  whioh  the  aerodynamic  derivatives 
peak. 


Speed-height  envelopes  corresponding  to  typioal  flight  plans  for  the 
aircraft  are  shown  in  Fig.  1.  Plans  1  and  2  represent  alternative  speeds  of 
climb  for  reconnaissance  or  bomber  aircraft.  ELan  3  is  typical  for  a 
lighter  aircraft.  It  seems  improbable  that  the  large  aircraft  will  exceed 
the  flight  plan  speeds  in  normal  practice,  exoept  inadvertently  by  a  small 
amount  -  say  3$.  Thus  for  these  airoraft,  the  design  speed  height  envelopes 
can  probably  be  obtained  from  the  flight  plan  envelopes  by  increasing 
speeds  everywhere  by  On  the  other  hand,  the  fighters  may  well  be 
required  to  operate  to  the  right  of  the  normal  flight-plan  boundary  ((3)  in 
Figure  1)  below  36*000  feet.  Thus  for  practical  design  purposes,  the  design 
speed-height  envelope  would  probably  be  derived  from  the  hypothetical 
flight-plan  envelope  (3*)  of  Figure  1,  consisting  of  a  oonstant  E.A.S.  line 
(Vg  a  710  knots)  below  36,000  feet  and  a  oonstant  Mach  number  line  (M  a  2.3) 
above  that  height. 

3  Assessment  and  estimation  of  aero-elastic  effects 


All  the  airoraft  under  consideration  have  wings  of  low  aspect  ratio 
(less  than  3).  Because  of  this  the  wing  oannot,  Btrictly  speaking,  be 
treated,  either  structurally  or  aerodynamically  as  if  isolated  from  the 
fuselage.  Simple  structural  conceptions  such  as  the  flexural  aria  and 
associated  distributions  of  bending  and  torsional  stiffness  are  quite 
inadequate  for  specifying  the  deformation  characteristics  of  the  wing  and 
recourse  must  be  made  to  some  form  of  influence  coefficients.  Preferably 
the  structural  properties  of  the  oomplete  airoraft  rather  than  of  the  wing 
alone  should  be  specified  in  this  manner.  An  approach  to  the  problem  along 
these  lines  has  recently  been  suggested  by  Williams2'*.  He  has  demonstrated2 
in  principle  how,  with  the  aid  of  an  automatic  digital  computer,  a  set  of 
structural  influence  coefficients  oan  be  calculated  for  a  network  of  spanwise 
and  chordwiae  points.  For  this  method  to  be  fully  effective*,  a  set  of  corres¬ 
ponding  aerodynamic  influence  coefficients  is  required  which  would  specify 
not  only  the  characteristics  of  the  individual  components,  but  also  their 
mutual  interference  effects.  This  Inf  carnation  is  not  available,  but  the 
method  is  so  comprehensive  that  it  must  be  a  powerful  incentive  for  aero¬ 
dynamic  is  ts  to  set  about  devising  an  adequate  theory.  The  information  will 
be  needed  far  three  regimes  of  flaw  -  subsonic,  transonic  and  supersonic. 

The  need  to  include  shook  wave  and  boundary  layer  effects  presents  a  serious 
obstacle  to  the  development  of  a  theory  valid  in  the  transonic  range,  so 
that  at  present  we  must  rely  mainly  on  slender  wing-body  theory  backed  up 
by  such  experimental  information  as  is  available.  Existing  theories^»5*o 
give  only  a  limited  amount  of  data  on  the  loading  of  wings  at  subsonic  and 
supersonic  speeds;  they  require  experimental  verification  and  also  need 
to  be  extended  and  modified7,3  to  be  more  generally  applicable.  The  use 
of  a  digital  oomputer  will  probably  be  necessary  in  this  connection. 


*For  example,  in  manoeuvre  point  considerations,  tbs  maximum  forward  ahift 
due  to  (say)  wing  defcrmability  might  occur  at  maximum  2.A.S.,  associated 
with  a  tran ionic  Mach  mnber,  for  which  a  rearward  movement  of  rigid  wing 
aerodynamic  centre  would  have  occurred.  The  resulting  manoeuvre  point 
position  would  not  neoessarlly  be  the  most  forward  that  could  ooour. 
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Particular  developments  of  the  linear  theories  envisaged  are  the 
provision  of  more  detailed  diordvd.se  variations  of  aerodynamic  loading , 
which  will  be  necessary  for  thin  wings  of  low  aspect  ratio,  especially 
if  some  form  of  canker  is  envisaged  for  these  wings.  It  is  probable  that 
the  work  of  Uulthopp9  oould  be  suitably  modified  to  aooount  for  the  o hard- 
wise  variations  in  more  detail,  while  the  theory  put  forward  by  Wieghardt^O 
might  also  be  developed  to  deal  with  the  law  aspeot  ratio  wings  of 
various  planf orms. 

Until  a  method  is  developed  which  enables  the  integrated  aero- elastics 
effeots  on  the  v&ola  aircraft  to  be  calculated,  the  problem  must  be  dealt 
with  pieoemeal,  deriving  the  affect  of  each  component  in  turn. 

3.1  Effect  of  wing  defarmability 

3.11  Longitudinal  stability  and  oontrol 

Beoause  of  the  low  aspeot  ratio  of  the  wings  it  may  be  inferred, 
on  the  basis  of  past  experience,  that  the  effect  of  wing  "elastic  washout" 
an  longitudinal  stability  and  oontrol  will  be  qaite  small,  particularly 
for  the  larger  aircraft.  However,  the  effeots  of  "elastic  canker",  which 
in  the  past  have  often  been  ignored*,  are  now  likely  to  be  at  least  as 
important  as  those  of  elastic  washout  and  the  overall  effeots  of  wing 
defarmability  should  therefore  not  be  dismissed  as  negligible  until 
sample  calculations  have  been  made. 

For  the  purpose  of  estimating  such  effeots,  information  is  required 
about  the  deformation  of  the  wing  under  a  distributed  load.  This  may  be 
supplied  in  several  ways,  one  of  the  simplest  being  to  express  it  in  terms 
of  the  deformations  of  a  series  of  ohordwise  strips  forming  the  wing. 

A  more  comprehensive  method,  which  has  to  be  used  when  ohordwise  deforma¬ 
tions  have  to  be  taken  into  aooount,  is  to  use  a  Bet  of  influence 
coefficients,  as  mentioned  earlier.  In  the  latter  form,  the  data  are 
directly  applicable  to  calculations  as  outlined  in  Ref.  3  but  they  are 
also  capable  of  being  presented  in  forms  which  may  be  more  suitable  to 
the  other  methods  of  calculating  aero-elastia  effeots.  The  information 
may,  for  instance, be  converted  to  the  form  used  by  Broadbent  in  Ref.  12 
and  then  the  wing  loading  problem  may  be  solved,  allowing  only  for 
elastic  washout,  by  any  method  applicable  to  the  planform  and  Mach  marker 
under  consideration.  To  the  references  already  given  we  may  add  13,  14 
and  15  (subsonic) ,  16  (supersonic  flow  with  wing  leading  edges  subsonic) 
and  17  (applioable  in  principle  to  subsonic  and  supersonic  flow). 

The  loading  of  the  wing  with  elastic  washcut  may  now  be  used,  in 
conjunction  with  the  original  set  of  structural  influence  coefficients, to 
obtain  a  first  approximation  to  the  distribution  of  el  as  tic  camber, 
whose  effect  on  the  wing  loading  can  then  be  found,  using  a  -suitable  „ 
method  (e.g.  Multhopp  two  ohordwise  point  solution  for  subsonic  conditions”) 
An  iterative  prooess  oould  be  employed  to  refine  the  estimate. 

It  should  be  remembered,  when  investigating  the  effect  of  wing 
defoimability  on  (say)  Ike  manoeuvre  point,  to  include  not  only  the 
direct  effect  on  the  wing  aerodynamic  centre,  but  also  tbs  changes  in 
fuselage  and  tailpiece  contributions  to  manoeuvring  stability,  resulting 
from  the  wing  elastic  washout  and  canker.  (See  for  instanoe  Ref .11  Part  II) 


*  But  see  Ref.  11  where  Fingsdo  and  Taylor  have  derived  approximate  formulas 
far  calculating  elastic  canker  and  its  effect  on  manoeuvre  point. 
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Aooount  should  also  be  taken  of  Inertial  loads  due  to  distributed  or 
concentrated  weights  in  the  wing.  In  this  oonneotion  wing-tip  engines 
night  produce  important  effects. 

3.12  Lateral  oontrol 

The  importance  of  wing  deformation  in  relation  to  lateral  control 
probably  does  not  dimini  ah  with  decreasing  as  peat  ratio  as  rapidly  as  it 
does  for  longitudinal  stability,  and  a  reasonably  accurate  assessment  of  the 
effect  of  wing  deformation  on  rolling  performance  must  certainly  be  made. 

In  general,  considerations  of  wing  flutter  or  aileron  reversal  determine 
the  wing  weight  18  (wing  divergence  is  usually  less  important)  and  therefore 
the  problem  of  aileron  reversal  must  be  considered  at  an  early  stage  of  the 
design. 


In  passing,  it  should  be  mentioned  that  the  requirements  in  rolling 
performance  of  the  new  fighters  and  bombers  do  not  appear  to  be  well 
defined.  Sane  'darif ioation  of  these  requirements  would  be  most  useful, 
and  would  provide  guidance  in  the  selection  of  the  type  of  lateral  control 
i.e.  trailing  edge  flap  aileron,  all-moving  tip,  spoiler  or  some  combination 
of  these. 

There  are  several  methods^* 1  »22j^3  avaiiable  for  calculating 

aileron  reversal  speeds,  and  one  attest  has  been  made  to  put  the  results 
in  chart  farm^3  thus  giving  a  rapid  method  of  estimating  the  reversal  speed 
for  a  given  configuration.  All  these  methods  have  serious  limitations 
resulting  from  the  simplifications  introduced  in  order  to  obtain  the 
structural  deformations  and  the  aerodynamic  loading. 

A  marked  advance  has  recently  been  made  bv  Broadbent*,  applying  the 
aerodynamic  information  available  from  Multhopp?  to  the  problem  of  aileron 
reversal,  using  semi-rigid  theory.  The  first  four  modes  of  distortion 
were  taken  into  account ;  the  number  can  of  oourse  be  increased,  but  at  a 
greatly  increased  cost  in  computing  time.  This  method  allows  for  the 
effeots  of  distortion  an  the  spanwise  loading  of  the  wing,  but  no  ohordwise 
distortions  were  considered.  It  is  probable  that  an  extension  of  Multhopp*  a 
theory,  allowing  for  ohordwise  loading  changes,  could  be  fitted  into  the 
existing  method  provided  the  structural  data  were  available  for  the  wing, 
but  the  computational  labour  might  increase  prohibitively. 

For  supersonic  flow,  some  work  has  recently  been  done  at  the  NACA2^ 
on  a  rectangular  planfozm  using  linearised  lifting  surface  theory.  This 
has  been  simplified  in  a  later  papers  and  extended  nominally  to  cover 
swept— back  wings.  Ohordwise  deformations  are  neglected. 

These  methods  are  logical  extensions  of  existing  techniques,  using 
more  sophisticated  aerodynamic  data,  and  allowing  for  the  effeots  of  distor¬ 
tions  on  these  data,  but  they  are  a  long  step  from  the  approach  of  reference  3 
whioh  has  been  disousBed  in  Para.  3*11  and  which  is  equally  applicable  to 
the  problem  of  aileron  reversal. 

3.2  Effect  of  tail-plane  or  fore-plane  defonnabillty 

Because,  like  the  wings,  the  tailplaneaor  fore-planes  of  the  new 
aircraft  are  going  to  be  of  small  aspect  ratio,  their  deformability  is  not 


*  This  work  has  not  yet  been  published  (Sept enter  1955) •  Our  thanks  are 
due  to  Ur.  Broadbent  for  letting  us  see  his  calculations  at  such  an 
early  stage. 
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likely  to  be  of  great  significance  in  considerations  of  stability  and 
control.  We  should  not,  perhaps,  dismiss  the  effect  as  oongdetexy 
negligible,  without  making  some  representative  calculations.  The  essential 
aero-el astio  problem  here  is  exactly  the  same  as  for  the  wings  and  must 
be  tackled  by  similar  methods. 

3.3  Effect  of  fuselage  def armabillty 

The  distortion  of  the  long  slender  fuselage,  which  is  a  prominent 
feature  of  many  of  the  aircraft  to  be  considered,  is  likely  to  give  rise 
to  the  most  serious  eff  eots  on  longitudinal  stability  and  control. 

Bending  of  the  various  portions  of  the  fuselage  will,  of  course, 
influence  the  lift  and  pitching  moment  contributions  of  the  fuselage 
itself  and  also  the  various  contributions  due  to  the  interference  with  wing 
and  tailplane/f ore plane.  In  view  of  the  difficulty  and  uncertainty  of 
estimating  these  contributions,  even  for  the  rigid  aircraft,  it  is  doubtful 
whether  any  worth-while  attempt  can  be  made  to  estimate  the  relevant 
def ormabllity  effects.  It  is,  however,  as  well  to  remember  the  existence 
of  such  effects  when  attempting  to  account  for  any  apparent  discrepancies 
that  may  be  found  to  exist  between  calculations  and  experimental  results 
when  an  aircraft  flies. 


A  more  serious  effect,  but  one  whioh  is  more  amenable  to  approximate 
calculation,  arises  from  the  change  in  eff eotive  tail-plane  or  fore-plane 
setting,  (relative  to  the  wing)  due  to  bending  of  that  part  of  the 
fuselage  lying  between  the  wing  and  tail-plane/ fore-plane  root  attachments. 


A  qualitative  survey  of  this  effect  applicable  to  the  conventional 
tail-aft  lay-out  is  given  by  Lyon  and  Ripley  in  section  3.30  of  Ref  .26 
and  Campion  also  discusses  it  in  Ref. 27.  For  such  a  lay-out,  the  effeot 
of  fuselage  bending  is  to  reduce  the  tail-plane  setting  by  an  amount 
proportional  to  the  upload  an  the  tail  and  thus  to  reduce  the  effectiveness 
of  the  tail  unit  when  functioning  either  as  a  fixed  stabilizing  surface  or 
as  a  movable  control  surface,  (i.c.  A^ ,  are  both  reduced  progressively 
as  speed  increases,  although  Aj/^  remains  unchanged). 

The  manoeuvre  margin  %  is  reduced  progressively  as  speed  increases, 
while  the  control  angle  per  *  g  *  is  reduced  by  an  amount  whioh  is  indepen¬ 
dent  of  speed  for  a  given  o.g.  position. 


The  static  margin  is  given  approximately  by 


d-n 


CD 


where  the  slope  of  the  trim  ourve  (^jo^Ty  :i'8  una^eoted  fuselage  bending 
if  C_  a  0.  In  that  oase  (assuring  -rrp-  <  0  for  the  rigid  aircraft) 


m 


Kn  will  decrease  due  to  fuselage  bending  ^because  A ^  decreases)  but 

*  Ag  *ill  here  be  used  to  denote  tailplane/f  ore  plane  lift  slope  with 

respect  to  control  deflection  whether  the  aontzol  is  an  elevator  or 
an  all-moving  tallplane.  (Note  that  in  general,  in  the  latter  oase, 

*2  *  V* 
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cannot  become  negative.  If,  however,  <  0,  bending  of  the  fuselage 
will  have  an  increasingly  destabilising  effect  on  trim  curve  slope  as  the 

dii 

speed  increases  so  that  may  even  become  positive.  Thus  the  static 

L 

margin  Kjj  will  decrease  more  rapidly  with  increasing  speed  than  in  the 
Ojj,  =  0  case  and  may  beoome  negative. 

In  a  canard  arrangement,  the  effect  of  fuselage  bending  is  to  increase 
the  f  oreplane  setting  by  an  amount  proportional  to  the  up  load  on  the  fore¬ 
plane,  and  thus  to  increase  ard  A n.  Since,  in  the  expression  for 
manoeuvre  margin,  the  main  contribution  (excluding  rotary  damping)  due  to 
the  foreplane  is  of  negative  sign  (destabilizing)  and  since  this  contribution 
is  proportional  to  A^,  it  follows  that  the  manoeuvre  margin  is  reduced  by 
fuselage  bending,  as  in  the  oase  of  the  conventional  (tail-aft)  lay  out. 

Control  angle  per  'g'  is  again  reduced  by  an  amount  v&ich  ia  independent  of 
speed  for  a  given  o«g.  position. 

The  statio  margin  will  still  be  given  by  equation  (l)  if  V  is  taken 
to  be  negative  for  a  fore-plane.  The  slopo  of  the  trim  ourve  (dri^^c^) , 

which  will  now  be  positive  for  stability,  will  again  be  unaff eoted  by  fuse¬ 
lage  bending  if  Cj^  =*  0,  so  that  since  Ag  has  increased,  will  have 

increased  as  the  result  of  fuselage  healing.  If,  however,  <  0  there 

will  be  required  on  the  f  oreplane  an  upload  which  increases  with  speed. 

Since,  in  the  presence  of  a  flexible  fuselage,  this  would  lead  to  an 
increment  in  effective  foreplane  setting  which  also  increased  with  speed, 
it  follows  that  the  control  angle  to  trim  with  a  flexible  fuselage  must  be 
less  than  that  required  with  a  rigid  fuselage,  by  an  amount  which  increases 
as  the  speed  increases,  i. e.  as  decreases.  Thus  the  positive  (stabilizing) 
slope  of  the  trim  ourve  against  C^  will  be  increased  by  fuselage  bending. 

With  A2  also  increasing,  will  increase  more  rapidly  with  increasing  speed 
than  in  the  0,,^  =  0  case. 

In  following  the  analysis  of  Ref.  26  it  should  be  noted  that  compressi¬ 
bility  effects,  which  in  practice  will  always  be  present  as  well  as  structural 
defoimability  effects,  have  not  been  explicitly  considered,  although  as 
Campion2?  points  out,  the  formulae  deduced  far  A|/a^,  Ajj/^  etc.  allowing 

for  fuselage  bending,  may  be  applied  quite  generally  if  a^,  ®to.  ar®  inter¬ 
preted  as  the  values  of  A-],  Ag  eto.  when  compressibility  and  any  distortion 
effects  other  than  fuselage  bending  are  included. 

In  studying  the  behaviour  of  the  statio  margin  in  the  presence  of  both 
compressibility  and  structural  deformabillty  it  mey  help  to  use  the  generalized 
expression  for  J^:- 
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introduced  in  Ref  .28*.  Hen  the  dependence  <*  <V  °H  on  speed  in  virtue 
of  both  oompreasibi  lity  and  deformebility  effects,  is  explicitly 
recognised  by  the  inclusion  of  the  terms  in  H  end  S  respectively,  where 
M  is  the  Mach  number  and  d  is  a  proposed  "Aero-elastio  nunfoer"  which, 
like  M,  is  directly  proportional  to  speed  end  which  involves  some  elastic 
characteristic  of  the  airframe.  Provided  and  Og  (or  0^,  in  oases  where 
Op  x  Or  )  can  be  expressed  analytically  or  graphically  as  functions  of  a, 

U  and  a  over  the  significant  ranges  of  these  parameters,  it  is  a  straight¬ 
forward  matter  to  evaluate  K^,  although  if  same  of  the  derivatives  have 
to  be  obtained  graphically,  the  estimate  may  be  somewhat  inaccurate. 

Rough  estimates  of  the  eff eots  of  fuselage  bending  on  longitudinal 
stability  have  been  made  for  some  typical  designs  of  large  supersonic 
aircraft  employing  the  canard  layout.  The  fuselage  fineness  ratios 
varied  between  15  and  21  while  the  wing  planfonos  were  representative  of 
the  widely  differing  types  that  might  be  advocated  for  such  aircraft. 

The  values  of  the  fuselage  flexibility  factor  kf  (Rotation  of  tail- 
plane/foreplane  chord  relative  to  wing  ahord  due  to  unit  load  applied  at 
the  t ailpl ane/f oreplane )  required  to  apply  the  methods  of  Ref. 26  to  the 
confutation  of  A etc.  were  supplied  by  Structures  Department,  R.A.B. 
This  factor  kf  is  related  to  the  fuselage  vertical  stiffness  Pf  ^  involved 

in  the  AP.970^  Stiffness  Criterion,  by  the  equation 


29 

where  l,  the  tail  arm,  is  defined  as  the  distance  between  the  wing 
root  quarter  chord  point  and  the  elevator  hinge  line.  This  definition 
is  unrealistic  when  applied  to  supersonic  design,  especially  so  for 
highly  swept  delta  wings,  and  alternative  definitions  had  to  be  adopted 
to  suit  the  individual  geometries. 

The  values  of  the  IP.  970  criterion  as  estimated  lay  between  0.06 
and  0.09,  whereas  the  minimum  required  value  is  0.12.  The  maximum 
values  of  A1/ai  (=  A^/^)  lay  between  1.4  and  1.8  and  the  corresponding 

losses  in  manoeuvre  margin,  were  between  0.09  md  0.14,  the  upper 
of  which  values  is  3omewhat  excessive  while  the  lower  is  perhaps  marginal. 

It  must  be  stressed  that  these  are  typical  designs.  Since  the 
criterion  is  proportional  to  the  square  root  of  the  stiffness,  the  weight 
increases  required  to  make  the  designs  satisfy  the  present  requirements 
would  be  prohibitively  large.  Nevertheless  it  would  seem  desirable  to 
aim  at  a  value  of  0.09  for  the  criterion  to  keep  the  fuselage  bending 
within  reasonable  bounds. 

It  is  dear  that  the  AP.970  requirement  needs  revision,  ss  regards 
both  the  definition  of  the  criterion,  in  relation  to  supersonic  designs, 
and  the  minimum  value  which  is  to  be  achieved. 

Satimates  were  also  mads  of  the  effeot  of  fuselage  deformation  on 
statio  margin.  In  one  of  the  worst  oaaes, at  M  ■  1*25  and  V*  ■  600  knots 
BAS,  (Plan  1  Pig.  1)  increased  due  to  deformation  from  0.15  to  about 
0.35.  It  wee  calculated  that  due  to  fuselage  bending  the  incremental 


f 

i 

i. 


*  Terms  in  Reynolds  nunfeer  R  ere  omitted  as  being  ctf  no  significance  in 
the  present  context. 
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control  plane  deflection  required  to  produce  a  10 %  change  of  speed  (from 
600  knots)  would  be  increased  from  0.36°  to  0.66°. 

4  Effeots  an  dynamic  longitudinal  stability 

Consideration  should  be  given  to  the  question  of  including  deforma- 
bility  effects  in  dynamio  stability  investigations.  To  include  such  effeots 
directly  means,  that  in  setting  up  the  equations  of  disturbed  longi.tudi.nal 
motion,  one  or  more  freedoms,  corresponding  to  the  more  important  structural 
flexibility  modes,  must  be  admitted  in  addition  to  the  rigid  aircraft 
freedoms  usually  considered.  In  Ref. 30  the  freedom  associated  with  a  flex¬ 
ible  wing  mode  was  introduced,  as  was  also  the  oase  in  Ref. 31,  whioh  deals 
with  the  gust  response  problem.  For  airoraf  t  of  the  type  that  we  have  been 
considering,  it  seems  possible  that  the  fuselage  bending  mode  might  be  mare 
important  than  the  wing  mode.  A  formulation  of  the  dynamical  equations 
far  an  aircraft  with  flexible  fuselage  (represented  by  a  single  semi-rigid 
bending  mode)  is  given  by  Duncan  in  Ref. 32,  where  it  is  shown  that  the 
determinants!  equation  for  the  free  motion  is  a  sextio.  Duncan  also  showB 
that  if  the  rigid  aircraft  frequencies  are  sufficiently  small  oompared 
with  the  lowest  natural  frequency  of  the  structure  involving  distortion  of 
the  type  considered,  the  characteristics  of  the  aircraft  stability  modes 
may  be  obtained  with  reasonable  accuracy  from  the  standard  equations, 
provided  that  the  aerodynamic  derivatives  are  modified  to  allow  for  def arma- 
bility  (and  compressibility)  on  a  quasi-steady  basis.  McLaughlin,  in  Ref.30, 
makes  a  comparison  between  results  obtained  by  this  and  other  simplified 
methods  on  the  one  hand  and  by  the  direot  method  on  the  other.  Although 
the  quasi-static  approach  appeared  to  yield  a  good  approximation  in  seme 
oases,  agreement  between  results  obtained  by  this  method  and  by  the  direct 
method  in  other  oases  wa3  poor. 

Further  exploratory  investigations  of  this  type  are  needed  to  establish 
the  circumstances  in  whioh  such  simplified  methods  can  be  satisfactorily 
applied  to  the  estimation  of  the  short  period  longitudinal  stability 
characteristics  of  the  ooming  generation  of  supersonic  aircraft. 

5  Longitudinal  stability  and  control  -  General  Discussion 

The  most  important  aero-elastic  effect  an  longitudinal  stability  and 
control  of  the  type  of  aircraft  under  consideration  will  probably  be  that 
due  to  fuselage  bending.  The  effeots  of  wing  and  tailplane/ foreplane 
distortions  should  be  small;  however  some  sample  calculations  are  desir¬ 
able  to  confirm  this. 

The  results  of  some  calculations  on  typical  configurations  of  large 
supersonic  airoraf t  suggest  that  the  effect  of  fuselage  bending  is  quite 
considerable  and  that  allowanoe  should  be  made  for  it  in  all  stability  and 
control  estimates.  Only  comprehensive  calculations,  incorporating  both 
compressibility  and  deformability  effeots,  and  oovering  the  entire  range  of 
operating  conditions,  can  provide  a  satisfactory  basis  for  deciding,  in  a 
particular  oase,  whether  the  effeots  of  fuselage  bending  can  be  tolerated 
or  whether  the  fuselage  stiffness  should  be  modified. 

In  this  oonneotian,  consideration  might  be  given  to  the  possibility 
of  counteracting  an  undesirably  large  fuselage  bending  effect  by  an  approxi¬ 
mately  equal,  but  opposite,  effect  due  to  elastic  washout  of  the  f preplans. 
This  would  necessitate  using  a  foreplane  of  fairly  high  aspect  ratio  and 
sweepbaok.  Such  a  procedure  could  make  possible  a  considerable  weight  sav¬ 
ing,  but  TOuld  depend  far  its  success  cm  the  designer's  ability  to  calculate 
accurately  the  large  separate  effeots  of  fuselage  banding  and  fore  plane 
elastio  washout. 
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6  Lateral  control  -  general 

No  discussion  of  aero-elastic  effects  am  lateral  oontrol  is  complete 
without  sane  consideration  being  given  to  means  of  alleviating  the 
distortions  due  to  the  trailing  edge  flap  type  oontrol  and  also  of 
alternatives  to  this  oontrol. 

The  suitability  of  any  proposed  form  of  lateral  o  ontrol  must  be 
assessed  from  several  points  of  view:  the  purely  aerodynamio  (effective¬ 
ness  end  control  forces  when  associated  with  a  rigid  wing),  the  aero- 
elastic,  and  the  engineering.  Although  the  concern  of  the  paper  is 
primarily  with  aero-elastic  problems  it  is  not  advisable  when  attempting 
tc  decide  on  the  optimum  farm  of  oontrol  to  divoroe  the  aero-elastic 
considerations  from  the  remainder.  In  particular,  some  thought  must  be 
given  to  the  question  of  aerodynamio  balancing  of  controls  and  to  the 
related  problems  of  powered  aontrols. 

6. 1  Type 3  of  lateral  oontrol 

There  are  three  main  types  of  lateral  oontrol:  trailing  edge  flap 
aileron,  all-moving  tip  aileron  and  spoiler, between  which  there  are 
considerable  variations  in  aerodynamic  properties.  Although  the  moving 
tip  oontrol  looks  the  most  attraotive  from  the  aerodynamic  and  aero- 
elastio  points  of  view,  the  engineering  difficulties  associated  with 
taking  loads  through  a  single  bearing  may  tell  against  it.  The  spoiler, 
to  be  effective  at  incidence,  usually  requires  the  wing  to  be  vented,  whioh 
means  cutting  slots  in  the  surface  of  the  wing,  a  measure  to  be  avoided 
unless  the  slots  can  be  out  in  a  position  where  they  will  not  affect  the 
structural  properties  of  the  wing.  These  difficulties  may  force  the  use 
of  the  more  conventional  trailing  edge  flap  ailerons  with  their  adverse 
aero-elastio  effects. 

Another  solution  may  be  to  go  to  a  trailing  edge  flap  oontrol  with 
a  large  horn  balance;  this  is  a  compromise  whioh  might  enable  a  reduction 
to  be  made  in  hinge  momenta  while  at  the  same  time  making  it  possible  to 
take  the  aileron  loads  into  the  wing  in  a  conventional  manner. 

6.2  Aerodynamio  balancing  of  controls 

At  subsonic  speeds  several  devices  are  available  for  the  reduction 
of  oontrol  hinge  moments.  They  include  inset  tabs,  horn  balances  and 
set-back  hinge  lines.  At  transonic  speeds  most  of  these  devices  detract 
more  from  the  oontrol  effectiveness  available  than  at  subsonic  speeds  and 
are ‘of  questionable  value.  . 

It  is  difficult  to  calculate  theoretically  the  effeots  of  these 
devices  at  supersonic  speeds  because  they  are  either  placed  at  the 
trailing  edge  in  the  thickest  part  of  the  boundary  layer  or  depend  upon 
interference  effeots  between  the  tab  and  the  main  oontrol,  or  are  influenced 
by  shook  waves  or  sudden  expansions.  They  may  also  present  an  engineering 
problem,  aid  their  effect  upon  oontrol  flutter  would  have  to  be  investigated 

Sane  experimental  work  has  been  done  by  the  NiCA^ *34,35,36  ^ 
various  tab  devioes  and  also  set-back  hinges  at  transonic  and  supersonic 
speeds.  So  far,  the  results  have  not  been  very  encouraging.  Some  tests 
on  paddle  balance »3 5  are  very  interesting,  but  the  drag  penalty  would 
appear  to  be  high.  The  effectiveness  of  these  devices  appears  to  be 
limited  to  fairly  small  ranges  of  oontrol  deflection  and  inoidenoe. 
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6.3  Powered  oontrols 

There  are  two  problems  here  (l)  the  strength  and  thus  the  weight  of 
the  jaoks  required  to  defleot  the  controls  and  (ii)  the  power  requirements. 

If  the  oontrols  were  designed  in  the  first  place  to  minimize  both 
requirements  the  all  moving  tip  would  appear  to  be  tho  best  solution.  But 
if  the  oontrol  is  given,  anything  that  oan  be  done  to  reduce  the  hinge  moments 
should  be  beneficial  to  the  first,  but  may  not  be  to  the  second,  because 
to  obtain  the  same  rolling  effectiveness  for  reduced  hinge  moment  usually 
re qa ires  a  larger  defleotion  of  the  oontrol.  The  defleotion  work  given  by 


b 


f 


is  a  useful  criterion  for  the  amount  of  energy  required  to  be  supplied  to 
the  power  oontrol  system.  How  quickly  the  defleotion  of  the  oontrol  is 
effected  will  govern  the  power  requirements  of  the  oontrol  system. 

It  is  possible  that  for  some  aircraft,  the  power  requirements  will 
be  fixed  by  the  response  at  low  speed,  i.e.  by  the  landing  and  take-off  oase. 
Here  we  may  require  a  quick  response,  and  it  will  necessitate  the  maximum 
deflection  of  the  controls  in  a  short  time.  The  problem  of  power  require¬ 
ments  is  discussed  in  more  detail,  in  a  paper  by  Hadekel37.  The  high  E.A.S. 
requirement  on  oontrol  effectiveness  may  well  fix  the  jack  sizes  and  also 
the  wing  weight.  The  criterion  at  all  speeds  should  preferably  be 
based  on  the  response  of  the  aircraft  to  oontrol  defleotion,  which  will 
call  for  high  rates  of  defleotion  of  the  oontrols. 

7  Conclusions  and  Re  commend ati  ons 


For  the  type  of  supersonic  aircraft  considered  in  this  note, bending 
of  the  fuselage  seems  likely  to  prove  the  most  important  type  of  structural 
defamation  affecting  longitudinal  stability  and  control.  The  AP.970 
requirements  for  fuselage  stiffness  should  be  reviewed  since,  in  their 
present  form,  they  are  not  striotly  applicable  to  supersonic  aircraft, 
and  the  minimum  value  demanded  for  the  vertical  stiffness  criterion  is 
likely  to  prove  unattainable.  It  should  be  noted  that  whereas  with  a  tail- 
aft  layout,  fuselage  bending  reduces  A2,the  reverse  is  the  oase  for  a 
canard  arrangement.  The  designer  of  a  oanard’ aircraft  must  therefore 
reokon  with  increased  oontrol  effectiveness  at  high  E.A.S.  near  Mel, 
where  the  controllability  of  the  rigid  aircraft  would  already  be  at  its  most 
sensitive. 

Because  of  the  low  aspect  ratios  to  be  used,  def ormability  of  the 
wings  and  tailplane/foreplane  is  not  likely  to  produce  very  serious  effects 
on  longitudinal  stability  and  oontrol.  However,  some  sample  caloul&tians 
should  be  made,  investigating  in  particular  the  effects  of  elastic  camber 
and  elastic  washout.  The  def  ormability  of  the  wing  will  still  have  important 
effects  on  lateral  oontrol. 

A  general  method  of  solution  far  calculating  these  aero-elastio 
effects  has  been  suggested  by  Will  lams,  who  has  also  given  a  suitable  method 
for  obtaining  the  structural  information,  but  as  yet  no  general  method  is 
available  whereby  the  aerodynamic  information  applicable  to  ourrent  aircraft 
designs  at  subscnio  and  supersonic  speeds  oan  be  obtained.  Pressure  plotting 
would  be  essential  to  obtain  the  necessary  aerodynamic  information  at 
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transonic  speeds.  An  effort  should  be  made  to  develop  the  neoessary 
aerodynamic  theory. 

Until  the  comprehensive  method  is  fully  developed  use  has  to  be 
made  of  some  of  the  existing  methods,  whi  oh  are  adequate  for  the  present, 
provided  the  basic  structural  and  aerodynamic  information  oan  be  obtained 
to  the  requisite  degree  of  accuracy. 

Further  exploratory  investigations  are  neoessary  to  establish  whether 
approximate  methods  (e.g.  the  quasi-steady  approach  using  derivatives 
modified  for  def ormahility  effects)  will  suffice  for  determining  the  short 
period  dynamic  stability  characteristics  of  the  new  aircraft  or  whether 
when  setting  up  the  equations  of  motion,  degrees  of  freedom  corresponding 
to  the  more  important  flexibility  modes  should  be  introduced  as  well  as 
the  usual  rigid  aircraft  freedoms. 

Despite  their  aeroelastic  disadvantages,  trailing  edge  flap  ailerons 
may  have  to  be  employed  for  lateral  oontrol.  Devices  for  reducing  the  hinge 
moments  of  such  oontrols  may  be  suggested  on  the  basis  of  subsonic 
experience,  but  they  are  not  very  amenable  to  theoretical  treatment 
transonioally  or  supersonically,  and  experimental  evidence  would  be 
necessary  for  their  evaluation. 
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V  *2 


°R 


H 


m 


AH 


m 


LIST  Cg  SIMBQLS 


^  d0Lm 

respectively 


oontrol  hinge  moment  coefficient 
aircraft  lift  ooeffioient 
tailplane  lift  coefficient 


aircraft  pitching  moment  ooeffioient 
value  of  0m  at  0^  «*  0 

aircraft  resultant  force  ooeffioient 
fuselage  vertical  stiffness  defined  in  Ref.  £9 


stick-fixed  manoeuvre  margin 
increment  in  due  to  defarraability 
stick-fixed  static  margin 
Mach  lumber 


S,  Sj  wing  area,  tail-  or  fore-plane  area 

S  t 

V  tail-  or  fore-plane  volume  ratio,  ■  ~SS" 


V„  equivalent  airspeed  corresponding  to  flight  condition 

under  consideration 

X  aero -elastic  number  (Ref. 28) 

a^ ,  values  of  ,  Ag  whan  they  are  independent  of  8  (but  not 
necessarily  of  It) 

bf  oontrol  surfaoe  span 

o  wing  mean  ohord 

of  mean  aerodynamic  ohord  of  portion  of  control  behind  hinge  line 

kf  fuselage  flexibility  factor  (Ref .26) 

l  tail-  (fore-)  plane  am;  positive  for  tailplane,  negative  for 

foreplane 

a_  tail-  (fore-)  plane  root  inoidenoe 

*o 

longitudinal  oontrol  deflection 

5  lateral  oontrol  defleotion  (degrees) 
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